Abstract
Introduction
Sunlight is the ultimate source of energy on Earth. Although the photovoltaic (PV) effect remains the most promising means to convert sunlight directly to useable electricity, current devices are dominated by crystalline silicon solar cells. While a mature technology, the indirect band gap of silicon means that the light absorption coefficient is low (102 cm -1 ) and thick layers (100 -500 μm) are needed to absorb the requisite number of photons to produce the necessary efficiencies. The cost associated with the production of the thick layers of silicon needed to meet the increasing supply demand is, thus, very high. To date, the supply of sufficient high purity silicon has been economical due to the electronics industry, which produces large amounts of high purity silicon waste. This economic benefit will start to be eroded, however, should the silicon solar sector to continue to grow.
To this end, materials containing post-transition metals with an ns 2 ) are attracting significant recent attention for their solar absorber ability. 1 A case in point is provided by tin(II) monosulfide (SnS), which possesses a high absorption coefficient (>104 cm -1 ) and a near ideal direct band gap of ca. 1.3 eV. 2 Although these properties, in conjunction with the high relative abundance of both tin and sulfur, denote SnS as an attractive candidate photovoltaic absorber, the efficiency of SnS-based devices has yet to reach 5% indicating that significant further advances in materials processing and thin film deposition methods will be required if this promise is to be fulfilled. [3] [4] [5] SnS thin films have been deposited by ALD, 6, 7 spray pyrolysis, [8] [9] [10] [11] [12] [13] sputtering, [14] [15] [16] chemical bath deposition, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] vacuum evaporation, [30] [31] [32] [33] [34] [35] and CVD. 11, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] In this latter regard, an initial report by Price et al. described the use of atmospheric pressure (AP) CVD to deposit a variety of tin sulfide stoichiometries from SnCl4 and H2S in the temperature range 300 -545 °C, 36, 38 albeit SnS was only obtained at 545 °C. Similarly, (fluoroalkylthiolato)tin(IV) and organotin(IV) dithiocarbamates have been reported to provided SnS under APCVD conditions with the addition of H2S. 39, 44, 46 The tin thiolate precursor, (PhS)4Sn, has also allowed SnS deposition in the temperature range 350 -500 ºC both with and without the presence of H2S by aerosol-assisted (AA) CVD. 40, 41 All the deposited films were amorphous, although Raman spectroscopy and EDX analysis confirmed the presence of tin sulfide. O'Brien and co-workers subsequently described a range of organo tin(IV) and Sn(II)
dithiocarbamates, for example the diethyldithiocarbamate derivatives 1 and 2, which were suitable for AACVD of orthorhombic -SnS (Herzenbergite) without a second sulfur source in the temperature range 400 -530 °C. 48, 50 We have more recently reported that the heteroleptic Sn(II) thioureide compound (3) enables AACVD in the temperature range 300 -450 °C to provide SnS films, the stoichiometry of which was shown by depth profile XPS be consistent with SnS at all successful growth temperatures. 49 Analysis of the photocurrent of the as deposited SnS films was carried out and the external quantum efficiency (EQE) value for α-SnS was calculated to ca. 50%.
This value is very high for an untreated and unannealed SnS thin film and demonstrates the clear potential of compounds such as 3 for the successful deposition of SnS PV absorber materials.
We have also recently reported that homoleptic Zr(IV) amidates [{RNCR(O)}4Zr] (R, R = alkyl, e.g.
i-Pr, t-Bu) are effective single source precursors for the AACVD of ZrOx (x = 1.8-1.9). 51 Although the as-deposited films were marginally sub-stoichiometric in oxygen, levels of carbon incorporation were found to be below the XPS detection limit. We reasoned that the viability of such metal amidate derivatives to function as single source precursors to metal oxides is determined by the generalised decomposition pathway shown for an exemplary divalent metal complex in Scheme 1. In this contribution we establish that analogous metal thioamidate derivatives can function as similarly welldefined single source precursors to metal sulfide materials. Specifically, we describe the first reported Sn(II) thioamidates and demonstrate that they have the potential for the AACVD of phase pure SnS, providing excellent control over the Sn(II) oxidation state and at unprecedentedly low temperatures.
Scheme 1:
Proposed decomposition pathway for a metal amidate and thioamidate single source oxide and sulfide precursors under AACVD conditions.
Results and Discussion
The thioamide pro-ligands, L1 and L2, were prepared through reaction of the analogous amides with
Lawesson's reagent at 60°C for 18 hours (Scheme 2) and purified by silica gel column The decomposition of both compounds was further studied by analysis of the volatile by-products by 1 H NMR spectroscopy. The apparatus was employed as previously described. 51 Guided by the TGA results, compound 4 was heated in vacuo at 250 ºC. The resultant conditions in a previously described CVD reactor onto silica-coated float glass substrates (Pilkington NSG Ltd). 51 The deposition conditions are shown in Table 1 . Photographs of the as-deposited films are shown in Figure S3 . (Figure 3(b) ), which were similar to those seen in A -C. Films D and E also presented Raman data consistent with SnS, however, the spectra were less intense, which we ascribe to the reduction in film thickness as result of the lower temperatures employed. We have previously reported a similar observation related to the SnS films deposited from compound 3 at a deposition temperature of 300 ºC, in which case only peaks of relatively low intensity were observed. 49 In contrast to these observations, film E displayed an additional absorption at 312 cm -1 , which may be due to the presence of Sn2S3 or SnS2 (Figure 3(b) .
XPS analysis was carried out on films E -G to assess the composition through the thickness of the deposited material. Figure 4 (a) shows the depth profile spectra of film E. Significantly, the data highlight a Sn:S ratio of ca. 1:1, which would be expected for bulk SnS. Although significant levels of carbon and oxygen were present of the surface of the film, this is attributed to organic contaminants as they reduced dramatically as the sample was etched such that through the bulk of the sample the carbon content was <5 at%. High resolution XPS spectra in the Sn region of the spectrum ( Figure 4(b) (0) as Sn metal. 20 The high resolution S spectra displayed the expected doublet 2p1/2 and 2p3/2 features at 161.4 and 162.6 eV respectively, consistent with the presence of the S 2-anion.
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Figure 4: (a) Depth profile XPS data for film E; (b) high resolution XPS data for Sn at various etch times for film E.
The appearance of silicon and oxygen in the XPS depth profile of film F Figure S6 ), deposited at the higher temperature of 400 C, were consistent with a reduced film thickness in comparison to that of E. As in film E, high levels of carbon and oxygen were observed at the surface of the film. The ratio of Sn:S was also found to be rich in Sn, although a ratio of 1:1 appeared close to the interface with the substrate. While the high resolution sulfur spectra displayed the expected doublet feature for S 2- , the corresponding Sn spectra highlighted a greater intensity of the 485.2 eV and 493.7 eV emitted photoelectrons, assigned to the presence of elemental tin. While consistent with the Sn:S >1 that was observed through the bulk of the film, we suggest that this observation suggests that the maintenance of the Sn(II) oxidation state provided to the film by precursor 5 begins to be compromised at temperatures >350 C. Although film G was also analysed, the material deposited was found to be too thin, with too much interference from the substrate, to provide a meaningful understanding of the film composition. Atomic force microscopy (AFM) (Figures S7, S8 ) was performed to determine the root mean square (rms) surface roughness of the SnS thin films, both before and after the removal of the particulate layer ( Table 2) . Although the rms values of roughness observed for the thin films before the removal of the powder material were very large (> 300 nm), these decreased significantly after it had been removed. In particular, the films deposited at the lowest temperatures (A, B and E) provided roughness values <10 nm, while higher temperatures result in an apparent increase in crystallite size.
These observations were borne out by field emission scanning electron microscopy (FESEM), which was carried out to determine the morphology of the films after the removal of the powder layer.
While the plan view of film B (Figure 5 (Figure 3(a) ), the morphology of the films deposited at higher temperatures was dominated by larger platelets (ca. 800 nm) with an approximately perpendicular disposition to the substrate surface ( Figures 5(e) ). In the case of F ( Figure 5(f) ) there is also evidence of some secondary growth of smaller crystals on the surface of the larger plates. replicating the conditions employed for the growth of films F and G. Consistent with the observed band gap of the materials, no light was absorbed at wavelengths > ca. 900 nm. Whilst the production of charge carriers remained constant in the visible light region (500 -800 nm), an observed decrease in the UV region <500 nm may be due to the increased number of recombination of carriers at the surface. The current for the films was extremely small, however, and the resultant EQE value of ca. 0.03 is a factor of a 100 smaller than those values reported for SnS films deposited by AACVD from compound 3. 49 Although poor absorbers, these preliminary results demonstrate that the films deposited from the Sn(II) amidate precursor 5 produce a current when illuminated by light. Future work will, thus, seek to further optimise the deposition parameters associated with the use of compounds 4 and 5 for the deposition of SnS and these results will be described in future publications.
Experimental
General Techniques. All air and moisture sensitive manipulations were carried out using standard Schlenk line and glovebox techniques under an inert atmosphere of argon. NMR spectra were collected on a Bruker AV300 spectrometer operating at 300. General procedure for preparation of thioamide ligands, L1 and L2.
The thioamide ligand precursors were prepared by stirring the relevant amide (1 eq) and commercially available Lawesson's reagent (0.5 eq) together at 60 °C in toluene for 18 hours. Excess Lawesson's reagent was filtered off and the solvent was removed in vacuo to afford the product. The product was purified by chromatography column on silica (elution with hexane/ethyl acetate 4:1).
2-methyl-N-(2-methyl-2-propanyl)propanthioamide, L1
2-methyl-N-(2-methyl-2-propanyl)propanamide ( Thermal Decomposition of 4 and 5. In a glovebox a sample of the relevant tin(II) thioamidate (4 or 5, ca. 0.1 g) was loaded into a silica tube, which was attached to a three way tap. A J Young tap NMR tube charged with 0.5 mL d8-toluene was attached to another outlet of the tap and the whole system was sealed and removed from the glove box. The third outlet of the three way tap was attached to a vacuum line, the NMR tube was cooled to 78C and the entire apparatus was evacuated (ca 10 -1 mmHg). At this point the silica tube containing the tin(II) thioamidate was placed inside a Carbolite tube furnace and isolated such that the sample and NMR tubes were connected under a static vacuum while heating. C NMR data.
N-isopropyl-2-methylpropanthioamide, L2
X-ray Crystallography
Single crystals of compound 4 were isolated from toluene solution at 35 C. A suitable crystal was selected and on a Xcalibur EosS2 diffractometer. The crystal was kept at 173.15 K during data collection. Using Olex2, 56 the structure was solved with the olex2.solve 57 structure solution program using Charge Flipping and refined with the ShelXL refinement package using Least Squares minimisation. 58 The 
